Fluorescent-dye-conjugated oligonucleotides were used to classify 14 Fibrobacter strains by fluorescence microscopy. On the basis of partial 16S rRNA sequences of six Fibrobacter strains, four hybridization probes were designed to discriminate between the species Fibrobacter succinogenes and Fibrobacter intestinalis and to identify F. succinogenes subsp. succinogenes. After in situ hybridization to whole cells of the six sequenced strains, epifluorescence microscopy confirmed probe specificity. The four probes were then used to make presumptive species and subspecies assignments of eight additional Fibrobacter strains not previously characterized by comparative sequencing. These assignments were confirmed by comparative sequencing of the 16S rRNA target regions from the additional organisms. Single-mismatch discrimination between certain probe and nontarget sequences was demonstrated, and fluorescent intensity was shown to be enhanced by hybridization to multiple probes of the same specificity. The direct detection of F. intestinalis in mouse cecum samples demonstrated the application of this technique to the characterization of complex natural samples.
The general approach to determinative and environmental studies has been to target discrete regions of the rRNAs or their genes for hybridization to group-and species-specific oligonucleotide probes. Since the rRNAs differ along their lengths in relative sequence conservation, the targeting of regions of greater or lesser conservation offers exquisite control of probe specificity. For example, kingdom-, genus-, and species-specific oligonucleotide probes have been applied to determinative and environmental studies, and the universally occurring regions of sequences have been used to identify rRNA genes in recombinant libraries of environmental DNA (17, 25) .
Most past studies have started with total nucleic acid extracted from pure cultures or the environment for analysis. However, the demonstration that fixed whole cells are permeable to short-oligonucleotide probes extended these studies to single-cell identification (8) . The first demonstration of this approach used radioactively labeled probes in combination with autoradiography. Fluorescent-dye-conjugated probes would extend this technique to the direct observation and identification of single cells by fluorescence microscopy. We here detail the use of phylogenetically defined, fluorescent-oligonucleotide probes for determinative and autecological studies of ruminal and intestinal microbiota. These studies complement and extend similar studies recently published by DeLong et al. (7) .
MATERIALS AND METHODS
Organisms. Strains of Fibrobacter succinogenes subsp. succinogenes were thankfully obtained from M. P. Bryant, University of Illinois at Urbana-Champaign (S85), and B. A. Dehority, Ohio State University, Wooster (A3c); strains of F. succinogenes subsp. elongata were isolated by L. Montgomery, University of Illinois (HM2T), and R. E. Hungate, University of California, Davis (REH 9-1). Fibrobacter intestinalis NR9 and DR7 were obtained from L. Montgomery. Fibrobacter strains GC5, JG1, LH1, MB4, and MM4 were isolated by L. Montgomery. Isolates BL2 and Bi were provided by C. S. Stewart, Rowett Research Institute, Bucksburn, United Kingdom; ClA was provided by V. H. Varel, U.S. Department of Agriculture Meat Animal Research Center, Clay Center, Neb. Table 1 summarizes sources of isolation and corresponding references.
Culture technique. Cells were grown at 37°C in a complex medium derived from the rich PMC broth described by Montgomery and Macy (16) . Cellobiose (0.4%) was substituted for the pebble-milled cellulose. Growth was monitored spectrophotometrically (optical density at 550 nm) (Apparatus from Beckman Instruments, Inc., Irvine, Calif.), and the cells were harvested in mid-log phase to optimize the rRNA content.
Nucleic acid extraction and dot blot hybridization. Nucleic acid was isolated from ca. 200 mg of cells by hot phenol extraction followed by ethanol precipitation as previously described (18) . RNA was denatured by addition of 3 volumes (21) and intestinalis 2 (GCCCCGCTGCCCATTGTACCGCCC; positions 1242 to 1265), which are species-specific probes for F. intestinalis; ssp. succinogenes (CCATACCGATAAATCTC TAGT), an F. succinogenes subsp. succinogenes-specific probe (21); and Arch915, an archaebacterium-specific oligodeoxynucleotide (D. Stahl, unpublished data) used as a control for nonspecific binding.
Whole-cell hybridization with fluorescently labeled probes. A moisture chamber equilibrated with 1 M sodium chloride (approximately isotonic to the hybridization solution) was used for the whole-cell hybridization. A 9-,ul sample of hybridization mixture [0.9 M NaCl, 50 mM sodium phosphate (pH 7.0), 5 mM EDTA, 0.1% SDS, 0.5 mg of poly(A) per ml, 10x Denhardt solution] was applied to each of the six wells. After a 30-min incubation at the hybridization temperature, 50 ng of fluorescent oligodeoxynucleotide was added and incubation continued for 2 to 5 h. The hybridization mixture was then removed by flushing the slide with several milliliters of wash solution (0.9 M NaCl, 50 mM sodium phosphate [pH 7.0], 0.1% SDS) at the hybridization temperature and immersing the slide for 15 min in wash solution at specified temperatures (37 to 56°C), followed by thorough rinsing with distilled water. The slides were air dried in the dark and stored at room temperature in the dark or viewed immediately.
Epifluorescence microscopy and photomicrography. The samples were mounted in distilled water and viewed under oil immersion with a UV Fluorite Flatfield 10Ox objective on an Olympus BH2 microscope (Olympus Optical Co., Tokyo, Japan) fitted with a high-pressure mercury bulb and blue and green filter sets (no. BL 0892; Olympus). Black-and-white photomicrographs were made with Kodak Tri-X Pan 400 film. Exposure times were 0.5 s for phase-contrast micrographs and 30 s for epifluorescence micrographs.
Sequencing of the 16S rRNAs. Nucleotide sequences were determined by the dideoxynucleotide method, using reverse transcriptase and the 16S rRNA as template as previously described (12) RESULTS AND DISCUSSION Previous studies. Members of the genus Fibrobacter are anaerobic, gram-negative, nonmotile, nonsporeforming rods, cocci, or lemon-shaped cells that characteristically are cellulolytic and produce primarily succinic and acetic acids. On the basis of these and limited additional physiological criteria, they were, until recently, placed in the genus Bacteroides as B. succinogenes (Hungate). However, comparative sequencing of 16S rRNA revealed no close relationship between these strains and other members of the genus Bacteroides ( Fig. 1) (15) . In fact, the aerobic flavobacteria and the gliding cytophaga are more closely related, by this criterion, to the type strain of Bacteroides fragilis (19, 24) than are strains of Fibrobacter. This served as the basis for the formation of a new genus, and "B. succinogenes" was transferred to Fibrobacter gen. nov. as Fibrobacter succinogenes comb nov. In addition, two subspecies were defined [24] ), gram-positive bacteria (Bacillus subtilis [9] , Mycobacterium flavescens ATCC 14474T [21a] , and Arthrobacter globiformis [C. R. Woese, unpublished data], and the purple bacteria (E. coli [3] , Proteus vulgaris [5] , and Pseudomonas testosteroni [28] ). The bar represents a 0.1-nucleotide change per position, i.e., 0.1 evolutionary distance unit. Reproduced with permission from reference 15.
within the species: subspecies succinogenes strains are thick rods, often pleomorphic, coccoid, or lemon shaped, whereas cells of subspecies elongata are slender rods.
Strains of F. succinogenes form a dominant part of the fiber-digesting ruminal microbiota and are routinely isolated from the rumen contents of cattle and sheep. In contrast, other strains of the genus are more frequently isolated from the intestines and ceca of nonruminant animals. These were found to represent an assemblage phenotypically similar to, but phylogenetically distinct from (ca. 92% 16S rRNA sequence similarity), strains of F. succinogenes, and a second species (F. intestinalis) was created to encompass them. The type species and available strains were isolated from the ceca of nonruminant animals (Table 1 ) (15) .
The comparative sequence analysis is also directly applicable to environmental studies, and this data set was used to design oligonucleotide probes complementary to regions of 16S rRNA sequence unique to Fibrobacter spp. for studies of their natural distribution and abundance (21) . The present study used these and additional phylogenetically designed J. BACTERIOL. oligonucleotide probes conjugated to a fluorescent dye (tetramethyl-rhodamine) for the microscopic identification of species and subspecies of Fibrobacter in pure culture or directly in the environment.
Temperature-dependent dissociation of probes from whole cells in contrast to membrane-bound RNA. The Td (temperature of dissociation) of an oligonucleotide from its complementary sequence (target) is the most important characteristic of the specific duplex structure. This value is usually established for the duplex formed between membrane-bound target nucleic acid and labeled probe. Thus, a comparison of whole-cell and membrane dissociation profiles was necessary to establish their comparability. A comparison of experimental Td determinations for the intestinalis 1 probe hybridized to fixed cells (F. intestinalis NR9) and membrane-bound rRNA is shown in Fig. 2 . Although the melting transition appears steeper for whole cells, the Td values were not appreciably different, in both cases ranging between 53 and 55°C. Some nonspecific binding of probe to fixed cells is indicated by the elevated base line in the whole-cell experiment. Similar results were obtained for the ssp. succinogenes probe (data not shown). We assume that the dissociation temperature of the oligonucleotide-rRNA duplex from whole cells can be estimated from membrane studies with purified components.
Use of multiple probes to enhance specific single-cell fluorescence. For initial studies, a set of three oligodeoxynucleotides was designed to discriminate between the species F. succinogenes and F. intestinalis and to identify the subspecies succinogenes. Hybridization of F. intestinalis (strain NR9) cells with the F. intestinalis-specific (intestinalis 1) and universal probes resulted in a relatively weak fluorescent signal. This we attributed to the low rRNA content of these cells grown under the specified conditions. We therefore designed, synthesized, and fluorescently labeled a second F. intestinalis-specific oligonucleotide (intestinalis 2) that addressed a different unique target site within the 16S rRNA. Hybridization with these probes in combination approximately doubled the signal intensity (results not shown) and correspondingly reduced the exposure time for photographic documentation. Therefore, multiple probes can be used to alleviate problems of low rRNA content or reduced target availability in the detection of specific microorganisms.
Mismatch discrimination. The resolution of closely related target sequences, and therefore closely related organisms, is central to determinative applications. We therefore examined the specificity of the fluorescent probes on pairs of morphologically distinct Fibrobacter strains containing known mismatches to the various probes (see Fig. 4 and Fig. 3a to d . In a mixture of F. intestinalis NR9 (thin rods) and F. succinogenes S85 (lemon to coccoid shape), the combined use of the species-specific probes intestinalis 1 and intestinalis 2 detected only F. intestinalis NR9 (Fig. 3a) . In the remaining panels, the subspecies probe (ssp. succinogenes) was used to evaluate mismatch discrimination among different Fibrobacter strains. This probe is complementary to the S85 strain. Mismatches (within the target site) to the remaining strains varied from one for HM2 to three for REH9-1 and six for NR9 (Fig. 4) . At this hybridization temperature (37°C), strain NR9 showed no hybridization to the ssp. succinogenes probe (Fig. 3b) and REH9-1 showed a very low amount (Fig. 3c) . However, strain HM2 (single mismatch) was strongly fluorescent (Fig.  3d) . Consistent with this result, the Td of the ssp. succinogenes probe from strain HM2 16S rRNA was only 3°C lower than that observed for the complementary S85 rRNA (45 versus 48°C in lx SSC-1% SDS). Nevertheless, by using stringent hybridization and washing conditions (56°C), we could discriminate between S85 and HM2 cells by fluorescence microscopy (Fig. 3e) . Correcting for the different salt concentration used for the whole-cell hybridization (20) , this temperature is 2.8°C below the Td of the ssp. succinogenes-S85 rRNA duplex.
Although hybridization at high stringency resulted in an overall reduction of fluorescence intensity, it was nevertheless possible to distinguish between strains that differed by a single mismatch. However, the ability to discriminate complementary from single-mismatch hybrids varied markedly between different probe and target sequences; in general, single-mismatch discrimination must be empirically established.
Use of fluorescent probes for determinative studies. For determinative studies, hybridizations with all probes were routinely performed at 45°C. This temperature offered a compromise between specificity (sufficient to clearly distinguish more than one mismatch) and signal intensity. For each determination, the species-specific (succinogenes and the intestinalis 1+2 mixture), subspecies-specific (ssp. succinogenes), kingdom-specific (Arch915), and universal (1400) probes were directly compared in adjacent hybridization wells. In this way, the entire battery of probes was used to group eight uncharacterized Fibrobacter isolates with the sequenced strains they most closely resembled in fluores-VOL. 172, 1990 on (Table 2) . Importantly, the hybridization results from the determinative study were consistent; strains that hybridized to the succinogenes probe did not hybridize to the intestinalis 1+2 probe.
To evaluate the accuracy of the determinative study, we sequenced the target regions for each of the four specific probes from the additional Fibrobacter isolates (Fig. 4) . The sequence data reflect the hybridization data (numbers of mismatches are listed in Table 3 ). By both criteria (fluorescent probing and comparative sequencing), we grouped isolates Bi and BL2 with F. succinogenes subsp. succinogenes. Strains MM4 and MB4 closely resembled the F. succinogenes subsp. elongata strain HM2 in mismatch pattern, and GC5 apparently belongs to the same subspecies.
Strain Cla was complementary to both F. intestinalisspecific probes.
Isolates LH1 and JG1 reacted identically to the battery of probes and therefore are closely related. However, they did not fit well into the existing determinative framework, demonstrating no hybridization with the succinogenes probe and only a weak hybridization (signal intensity approximately one-fifth of that of the target organism) to the intestinalis 1+2 probe mixture. Taking into account that the rRNA content is not unusually low (as assessed by hybridization with the 1400 probe), we anticipated that these strains would have one mismatch with one or both components of the F. intestinalis-specific probe mixture. This was verified by 16S rRNA sequencing. For 
JG1
.GGCGGUACAAUGGGCAGCGGGGC and JG1 with one of the two known Fibrobacter species (or possibly with a third, yet to be defined species), additional comparative analysis is required. Nevertheless, these results clearly demonstrate the utility of a battery of species-and subspecies-specific oligonucleotide probes for rapid determinative studies in microbiology, particularly for organisms difficult to place by traditional morphological, biochemical, and physiological criteria. Use of fluorescent probes in the environment. One aim in the development of fluorescent probes is the direct identification of microorganisms in complex ecosystems. Intense autofluorescence of ruminal samples (derived mainly from plant material but also from lower eucaryotes) was not much reduced by sodium borohydride reduction (7) and prevented direct observation of Fibrobacter species in ruminal con- tents. However, substantially fewer autofluorescent particles were present in the cecum contents of mice, and direct detection was possible in this setting. The rRNA content and target availability of cells in fixed cecal contents were estimated by hybridization with the 1400 probe (Fig. 5a ). These estimations demonstrated that most cells in this environment are permeable to short-oligonucleotide probes and can be visualized by fluorescence microscopy. Cecum contents seeded with freshly grown F. intestinalis NR9 cells demonstrated specific detection of the target organism by the intestinalis 1+2 probe (Fig. Sb) . In unseeded samples, long and short rods hybridized specifically to the intestinalis 1+2 probe (Fig. 5c ). Although precise enumeration was not attempted, approximately 1 in 104 cells hybridized to the intestinalis 1+2 mixture. Macy et al. (13) estimated intestinal, cellulolytic Fibrobacter cells to account for up to 6% of total organisms as estimated by enumeration on nonselective medium. The difference of at least 1 order of magnitude in the two numerical estimations of abundance could reflect difficulties in cultivating all microorganisms. There are estimations that only S to 10% of all organisms in some ecosystems can be cultivated on nonselective media (1, 2) . This has been a handicap in the evaluation of most natural systems.
In principal, the use of explicit molecular criteria will eliminate many of the uncertainties of cultural enumeration of natural ecosystems. The use of explicit 'molecular criteria within a phylogenetic framework, such as that provided by 16S rRNA-targeted probes, should markedly change the character of determinative and environmental studies in microbiology.
